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ABSTRACT
In this report, selected surface treatments that are applied to precipi-
tation-hardenable stainless steels are discussed. The treatments covered are
hard surfacing, etectroplating, electroless plating, carburizing and decarburiz-
ing, nitriding, burnishing and other finishing operations, explosive hardening,
planishing, and peening. Each treatment is described and its application to the
precipitation-hardenable stainless steels is discussed. Reasons for using the
treatments are discussed, problem areas are identified, and recommendations
for research are made.
ii
FOREWORD
Precipitation-hardening stainless steels are potentially use-
ful wherever corrosion resistance and high strength at high
temperatures are needed. They were developed initially to
meet urgent requirements in World War II, but new alloys and
methods of processing have since been introduced to assist
engineers concerned with missiles and space vehicles and with
various applications in the field of nuclear science and tech-
nology.
The Atomic Energy Commission and National Aeronautics
and Space Administration have established a cooperative pro-
gram to make available information, describing the technology
resulting from their research and development efforts, which
may have commercial application in American industry. This
publication is one of the many resulting from the cooperative
effort of these agencies to transfer technology to private in-
dustry.
This survey is based on information contained in a series of
reports originally prepared by Battelle Memorial Institute for
the Manufacturing Engineering Laboratory of the George C.
Marshall Space Flight Center. The original information has
been updated and revised in writing the current, seven volume
survey. These volumes were prepared under a contract with
the NASA Office of Technology Utilization which was moni-
tored by the Redstone Scientific Information Center.
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PREFACE
This report is one of a series of state-of-the-art reports prepared by
Battelle Memorial Institute, Columbus, Ohio, under Contract No. DA-01-021-
AMC-11651(Z), in the general field of materials fabrication.
The published information used in preparing this report was obtained
from technical articles, reports on Govermnent-sponsored research programs,
and manufacturer's brochures. In locating this materiM, the following infor-
mation centers, libraries, and abstract services were searched for the period
from 1962 to the present:
Redstone Scientific Information Center
Defense Documentation Center
Defense Metals Information Center
The Libraries of Battelle
ASM Review of Metal Literature.
To obtain additional information and to ensure that the published infor-
mation used in this report is up to date, personal contacts were made, by
telephone or visit, with 20 individuals from 18 organizations. The individuals
and companies are listed in the Appendix. The information cutoff date for this
report was September 1, 1966.
The author wishes to thank each of these individuals and their organiza-
tions for their contributions. He also wishes to thank Vernon W. Ellzey and
John A. Gibson, Battelle Project Technical Coordinators, and William L.
Buckel and Mrs. Anita L. Coles, Battelle Information SpeciMists, for their
assistance during the progress of this program.
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SURFACE TREATMENTS FOR PRECIPITATION-
HARDENING STAINLESS STEELS
SUMMARY
The three types of precipitation-hardenable stainless steels that are
available today offer a variety of effective combinations of corrosion resistance,
strength, toughness, formability, weldability, and simplicity of heat treatment.
The martensitic type offers moderate corrosion resistance and high strength
resulting from a simple heat treatment. The semiaustenitic steels offer form-
ability, weldability, high strength, and corrosion resistance. The austenitic
precipitation-hardenable stainless steels retain high strength at elevated tem-
peratures in addition to possessing a high degree of corrosion resistance and
superior strength at ambient temperatures. These steels are strengthened by
means of a single heat treatment.
In most applications for which these steels are chosen, it is their
inherent properties that dictate their selection. The usual function of any
surface preparation is to insure that these properties are operative.
However, there are instances in which special surface treatments are,
or can be, applied to advantage. Usually, the surface treatment is designed to
supply a property or characteristic that the steel does not, m itself, possess to
the required degree but is vital to the particular application. Then, when this
property is added, the material becomes an outstandingly good choice for the
application. Conversely, there are surface treatments and surface conditions
that are to be avoided in the precipitation-hardenable stainless steels. Examples
of both are brought under discussion in this report.
Coating Treatments
On rare occasions, the martensitic and the austenitic precipitation-
hardenable stainless steels are called on to serve in applications requiring a
high degree of wear resistance in addition to their normal properties of corro-
sion 'resistance and strength. In these cases, the critical surfaces may be
coated with a hard facing alloy. Theprocedures usedto hard face the marten-
sitic types are designedto minimize the cracking that inevitably occurs when
such coatings are applied to steels that undergo the austenite-to-martensite
transformation oncooling from hardfacing temperatures. This transformation
is accompaniedby anexpansionof the metal that is too great for the presently
available brittle hard-surfacing alloys to negotiate.
Occasionally, some of the precipitation-hardenable stainless steels are
electroplated. Those that contain appreciable amountsof titanium or almninum
may be electroplated with nickel or iron to facilitate brazing; these elements do
not form oxide films that interfere with adhesionin the hydrogen brazing atmos-
phere as titanium and aluminum do. Again, these steels sometimes have been
given a nickel-cadmimll coating by electroplating, or a nickel-phosphorus coat-
ing by electroless plating, to increase their resistance to stress-corrosion
cracking.
Carburizing is a surface treatment that is generally avoided in the
precipitation-hardenable stainless steels. By tying up chromium in the form
of chromium carbides and thus interfering with this element's capability to
provide protection against corrosion, carburizing is detrimental to the steel's
corrosion resistance. Also, it has an embrittling tendency, especially with
the semiaustenitic andaustenitic types. In addition, with the semiaustenitic
steels, carburizing tends to unbalancethe composition of the surface layers
to the point that they may not martensitize, and harden, on cooling from ele-
vated temperatures. On the other hand, the martensitic types are occasionally
carburized to enhanceresistance to wear andgalling.
Scalingand decarburization usually are not problems with these steels.
In fact, the precipitation-hardenable stainless steels are normally heat treated
in an air atmosphere. However, whennooxidation or decarburization can be
tolerated, heat treating must be carried out in pure, dry argon or hydrogen,
or in a vacuum. Whena thin scale can be tolerated, but the amount of scaling
that takes place onheating in air is unacceptable, special protective coatings
can be applied before heat treating in air. Thesecoatings, usually proprietary,
are designedto minimize scaling and to make subsequentscMe removal by
chemical means easier.
Nitriding is a different matter. All three types of precipitation-
hardenable stainless steel have beennitrided. Although nitriding detracts
from corrosion resistance in much the samemanner as doescarburizing, the
process is nevertheless used to develop high surface hardness, increase wear
resistance, develop antigalling properties, and improve fatigue resistance.
Heat-resistant diffusion coatings are not Mlown to be applied to the
precipitation-hardenable stainless steels. In general, these steels are not
used at temperatures where such coatings would be an asset. The upper service
temperatures for these steels are limited by their age-hardening temperatures
which are usually quite moderate. When heated above their aging temperature
range, these steels rapidly lose strength. For high-temperature applications,
the standard nonage-hardening stainless steels are preferred.
Mechanical Treatments
No great amount of use is made of mechanical surface treatments such
as burnishing, explosive hardening, planishing, or peening in the manufacture
of components from the precipitation-hardenable stainless steels, tlowever,
on occasion such treatments are used, or can be used, to eonsiderabe advan-
tage.
Burnishing is an effective means of improving the surface finish of
small-to-medimn sized articles. In the same equil)ment, i.e. , rotating barrels
or vibrating tubs, certain additional important operations can be carried out in
conjunction with, or in sequence with, burnishing. Such operations include
cleaning the work, removal of scale, removal of slag remaining from thermal
cutting operations, deburring, and the development of radii on the corners and
edges of articles.
Some experimental work has been done on the explosive hardening of
the austenitic type of t)recipitation-hardenablc stainless steel, and interesting
results have been obtained, lligher hardness values have been observed m
explosively hardened and aged material than in material that received only the
aging treatment, tlowever, as yet, no industrial use of the process as a method
of hardening precipitation-hardenable stailfless steels has emerged. In fact, it
is doubtful that the process is of much value with the harder, stronger marten-
sitic and semiaustenitic alloys.
On the other hand, some experience has been acquired with the roll
planishing of the semiaustenitic precipitation-hardenable type of stai_fless steel.
This process has been used to contour butt-welded joints in thin sheet as well
as to improve the mechanical properties of such joints.
The final mechanical treatment covered in this study is peening. The
present-day industrial importance of this process steins from its capability to
develop residual compressive stresses at the surface of the metal. Because
of this capability peeningserves numerouspurposes. It is usedto improve
fatigue resistance, to correct distortion in welded and in unweldedcomponents,
to prevent cracking in welds, to improve resistance to stress-corrosion crack-
ing, to form parts from light-gage sheetmetal, andto promote recrystallization
in welds and weld-heat-affected zoneswhenannealedsubsequentto the peening
operation. Instances of the peeningof precipitation-hardenable stainless steels
are rare, but the capability of the process to improve the fatigue resistance of
the austenitic type of precipitation-hardenable stainless steel has beendemon-
strated experimentally.
INTRODUCTION
There are three types of precipitation-hardenable stainless steel in
existence today, martensitic, semiaustenitic, and austenitic. These types
are distinguished from each other by the microstructures they develop on cool-
ing from austenitizing, or solution annealing, temperatures.
In the martensitic types, the austenite that forms at elevated tempera-
tures transforms to martensite on cooling to room temperature. This trans-
formation results in an increase in strength and hardness. A further increment
in hardness and strength occurs when the steel is reheated to intermediate
temperatures at which it age hardens. The martensitic precipitation-hardenable
stainless steels offer a combination of moderate corrosion resistance and high
strength developed by a single heat treatment carried out at a moderate tem-
perature. Examples of applications include brackets, clamps, rivets, and
bolts for aircraft; valves and impellers for pumps; propeller shafting for boats;
aircraft engine mounts; and components of papermaking machinery [1]. These
steels are commonly used at yield strengths of 150 000 to 200 000 lb/in. 2
(10 341 x 105 to 13 788 x 105 N/m 2) the elongation values being in the range of
20 to 10percent in2 in. (5.08 cm)[2].
The semiaustenitic precipitation-hardenable stainless steels remain
austenitic on cooling to room temperature from the temperatures at which they
are solution annealed, generally, 1900 ° to 2000 ° F (1298 ° to 1353 ° K}. In this
condition, these alloys are readily cold formed and welded. Hardening involves
converting the austenite to martensite and then aging at temperatures usually
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in the range of 900 ° to 1050 ° F (748 ° to 831 ° K), resulting in a considerable
increase in strength. The transformation of austenite to martensite can be
brought about by cold working or by the precipitation of chromimn carbides on
reheating in the range of 1200 ° to 1750 ° F (913 ° to 1215 ° K). The depletion of
the matrix in chromium and carbon that occurs raises the M s temperature so
that, on cooling to room temperature or to a convenient cryogenic temperature,
the martensite transformation takes place. _I_ese steels are used at yield
strengths ranging from 150 000 to 280 000 lb/in! (i0 341 x 10 '_ to 193 032 x 104
N/m 2) , the corresponding elongations being about 12 to 2 percent in 2 in.
(5.08 cm) [2].
The semiaustenitic stailfless steels derive their nmne, then, from the
fact that they are attstenitic as annealed but, by appropriate treatment, can be
made martensitic and age hardenable. Thus, these steels offer an excellent
combination of corrosion resistance, formabflity, weldability, m_d high strength.
Illustrative applications for these steels include stiffeners, interior frames,
btdldmads, and longerons for aircraft; honeycomb sandwich structures for
spacecraft and airframes: tanks, duets, and skin for aircraft; boat shafts; saw
blades: nuclear reactor components; and compressor discs ll].
The austenitic types do not transform on cooling from solution annealing
temperatures or any other elevated temperature; they remain austenitie. These
steels are strengthened by • ,, ,*a_ _n_, at appropriate intermediate temperatures
following solution annealing. The austenitic age-hardenable stainless steels
offer corrosion resistance, moderate strength at room temperature, and
superior strength at elevated temperatures up to some 1300 ° F (968 ° K). A
commonly used room-temperature yield strength is 100 000 lb/m: (6894 x 105
N m 2) with an elongation of 25 percent in 2 in. (5.08 cm) ; at 1200 ° F (913 ° K)
_. ') , ')
a yield strength of some 88 000 lb/m: (606 672 x 10 a N/'m ") can be olotai,,ed [3].
Applications include jet engine turbine wheels and blades; casings, frames and
other jet engine components; afterburner _md tail cone parts; bolting and mis-
cellaneous hardware: and aircraft arresting gear hook points [3,4].
The compositions of a number of precipitation-hardenable staitfless
steels are given in Table I [2]. Also included in the table are the forms in
which the steels are available and the nm_m of the concern where each alloy
was originated. The physical metallurgsr of the preeipitation-hardenable stain-
less steels is quite complicated. As a consequence, these steels can be given
a wide variety of thermal and mechanical treatments which result in an equally
wide variety of meehmlical properties. For further information on these sub-
jects, attention is called to C. J. Slm_der, A. F. ttoenie, and A. M. Itall [2].
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These steels also have been treated in detail in Defense Metals Information
Center reports by D. C. Ludwigson and A. M. ttM1 [5] and by A. F. [Ioenie
and D. B. Roach [6].
In the vast majority of applications for which the precipitation-hardenable
stainless steels are selected, the combinations of properties itflmi'ent in these
materials fit them to serve successfully. Accordingly, they are usually placed
in service without any special surface preparation. Depending on the particular
application, machined, cold-rolled, picMed, gromld, polished, or buffed fin-
ishes generally are adequate. In fact, the intent of such surface preparation
as may be used is to insure that the condition of the material's surface does
not detract from the performance of the steel, but instead, permits the mater-
ial's inherent characteristics to be effective. As a general rule, then, surface
treatments that can be described as coatings, or those that are mechanical in
nature, are not applied to the precipitation-hardenable stainless steels.
On the other hand, there are certain instances in which the precipitation-
hardenable stainless steels are given special surface treatments of the coating,
as well as of the mechanical, type. On occasion, flmse steels are hard stir-
faced, electroplated, carburized, and nitrided. Likewise, they may be given
such surface mechanical treatments as burnishing, planishing, and peening.
tIowever, because these steels are not used at high temperatures, they are not
Mmwn to be given aluminmn-containing, ceramic, or other heat-resistant
diffusion coatings. The semiaustenitic types are seldom used above 700 ° F
(638 ° K), while the martensitic varieties may see service temperatures up to
i)erhaps 900 ° F (748 ° K) and the attstenitic steels up to 1300 ° F (968 ° K).
It is the purpose of this report to discuss illustrative cases where the
preeipitation-hardenable stainless steels are, or may be, given a surface
treatment, as well as instances of surface treatments or conditions to be
avoided.
COATING TREATMENTS
Hard Surfacing
During the past few years a limited amom_t of hard-fach_g experience
has been gained with some of the precipitation-hardenable stainless steels.
For example, in a brief progrmn conducted for the Colmnbus Division of North
American Aviation, Inc., by Battelle Memorial Institute it was found that
AM-355 could be hard faced successfully with Cohnonoy No. 6;;' [7] hard-facing
material if the operation were carried out in a dry hydrogen atmosphere [8].
When an endothermic furnace atmosphere was used, the Colmonoy material
would not fuse to the base metal, presumably because of the development of an
oxide film that interfered with the operation. The hard-facing alloy was in
powder form and was applied to the AM-355 base metal by spraying with a metal
spray gtm, after which the work was brought to a temperature of 1900 ° F
(1298 ° K) to fuse the coating to the base metal.
Arresting-gear hook points for the A3J and T2J aircraft have been made
of 17-4 PH forgings hard surface with Colomonoy No. 6 [9]. The 17-4 PH
steel was chosen for its strength, toughness, and corrosion resistance; the
hard-facing nmterial provided hnproved wear resistance on selected critical
surfaces. Originally, the coating was fused at 1900 ° F (1298 ° K) in a vertical
retort furnace supplied with a pure, dry hydrogen atmosphere. The procedure
was to apply the coating with a metal spray gun, load the coated work into the
retort, purge the retort, raise the temperature to 1900 ° F (1298 ° K), hold for
i0 rain, remove the retort from the furnace, and allow it to cool in still air.
The cooling time to 300 ° F (418 ° K) was a minimum of 90 rains. The hook
points were then aged 4 hrs at 1150 ° F (886 ° K). However, on cooling to room
temperature after the fusion step the coatings were found to be cracked, many
of the cracks being readily visible to the unaided eye.
Investigation of the cracking phenomenon led to the conclusion that the
cracking was due to the expansion (about 0.5 percent) that occurs in 17-4 PH
when this alloy transforms from austenite to martensite [9]. This trmlsfor-
mation begins at about 275 ° F (404° K). During the expansion of the base
metal on transformation, the brittlehard-facing alloy would crack and the
cracks would propagate through the coating and intothe underlying diffusion
zone. However, they would not continue intothe unaffected base metal.
Because the cracking was brought about by factors i_fl_erent in the
materials and was not attributable to procedural errors, it could not be elhni-
nated without changing materials. However, it could be minimized considerably
by reducing the time the hard-facing alloy was molten [9]. This could be done
in a hydrogen muffle furnace so set up that the middle section was at fusion
temperature while the front was somewhat cooler. The work could be preheated
The nominal composition of Colmonoy No. 6 is
0.75C, 16.0Cr, 3.5B, 4.5Fe, 4.5Si, Bal. Ni 17].
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in the front, then moved to the middle, and held there only for the minimum
time required to cause fusion. This procedure would result in a very shallow
diffusion zone beneath the hard coating, and the amount and severity of cracking
would be greatly reduced.
Another method of reducing the time the hard-facing alloy was molten
was to fuse the material with an oxyacetylene torch [9, 10]. When this method
was used, the hard-facing material was changed from Cohnonoy No. 6 to Motto
16C # Ill], the latter being less fluid at its fusion temperature than the former.
Because of its fluidity, the Cohnonoy No. 6 was difficult to torch fuse on large
curved parts such as hook points.
In torch fusing, the sl)rayed parts were uniformly preheated to about
1400 ° F (1023 ° K) either in a furnace or by means of an oxyacetylene torch
[12]. Fusion was then accomplished with as little further heat inl)ut from the
torch as possible. On completion of the operation the part was allowed to cool
to room temperature in still air.
Torch-fused parts were fotmd to respond nonuniformly to fl_c subsequent
aging treatment. This was not surprising as the metal just beneath lhc coating
would have reached the melting point of the hard-surfacing alloy, about 1900 ° F
(1298 ° K), during the fusing treatment, while the rest of the part wotdd have
experienced successively lower temperatures down to some 1400 ° F (1023 ° K).
Resolution annealing before aging was clearly, indicated. The recommended
solution annealing temperature for 17-4 Ptl is 1900 ° F (1298 ° K). llowever,
to use this temperature would defeat the purpose of torch fusing, ltolding 30
rain at 1800 ° F (1243 ° K) and air cooling, followed by aging 4 hr at 1150 ° F
(886 ° K), was found to be a satisfactory heat treatment.
Recent communications with Wall Colmonoy Corporatior, co_ffirm the
inevitability that cracking will occur in hard surfacing coatings fused to 17-4
Plt on cooling to room temperature "after the fusing operation [ 13,14]. Of
course, such coatings will crack when fused to any alloy that undergoes an
austenite-to-martensite transformation on cooling from the fusing temperature
to room temperature, ttowever, when service conditions involve essentially
pure wear, the presence of small cracks in the coating is tolerable.
The nominal eoml)osition of Motto 16C is
0.25C, 16.0Cr, 4.0B, 2. SFe, 4.0Si, 3.0Cu, 3.0Mo, Bal. Ni [11].
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Another precipitation-hardenable stainless steel that has been used for
aircraft arresting-gear hook points, after hard facing the wearing surfaces, is
A-286 [15]. This steel has been hard surface with Colmonoy alloys as well as
with materials prepared by the Metallizing Engineering Company. Fusion has
been accomplished both by heating in a controlled atmosphere furnace and by
means of an oxyacetylene torch.
Electroplating
General Discussion. A great many aircraft and spacecraft components
are electroplated with a variety of metals and for a number of reasons. The
metals most frequently used as coatings for these parts are gold, copper,
nickel, chromium, silver, cadmium, and zinc. Some of the reasons for using
electroplated coatings in aerospace applications are to prevent tarnish and cor-
rosion, increase wear and abrasion resistance, prevent seizing and galling,
and control the temperature of the component.
Gold plate is used principally because of its favorable energy absorptance
and emittance characteristics; in addition, gold is highly corrosion resistant
[16]. Nickel plate is adherent, corrosion resistant, and can be quite hard as
deposited. Hardness can be varied from about 150 to some 800 Vickers [17].
Black nickel, which usually is an alloy containing up to 48 percent zinc along
with sulfur and organic inclusions, is often applied to interior surfaces to
increase heat absorption, reduce heat reflection t or promote uniformity of
temperature in a component or assembly [16,18]. Zinc, copper, and silver
are often employed as substrate barrier coatings [16]. Cadmimn has good
corrosion resistance and nongalling properties [19]. Industrial chromium
plates are hard (up to 1100 Vickers), are corrosion resistant, have a low
coefficient of friction, and possess excellent nongalling and nonwetting prop-
erties [17]. A summary of the characteristics of these and other electrode-
posited metallic coatings is given in Table II [19].
Electroplates can be deposited on a host of metals and alloys. For
aerospace applications requiring electroplating, the most common basis metals
are alm_linum and its alloys, magnesium and magnesium alloys, low-alloy
steels, and (less frequently) stainless steels and nickel-base alloys [16,20].
Generally, however, nickel alloys and stainless steels, especially the precipi-
tation-hardenable stainless steels, either are not used in applications where
plating is suitable or required, or they do not need to be plated because they
inherently possess the corrosion resistance or other attribute that plating would
be designed to supply.
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TABLE II. (Cont'd)
Plate Important Characteristics
Aluminum
Antimony
Arsenic
Bismuth
C admiunl
Chromium
Cobalt
_opper
Corrosion resistant; good thermal - and heat-resistance
properties when diffued into base metal. Infrequently used;
can substitute for hot-dipped aluminum.
Tarnish resistance, pleasing appearance when polished.
However, coatings too brittle for practical application.
Infrequently used to provide decorative antique effect.
Somewhat expensive. Infrequently used for corrosion pro-
tection.
Pleasing appearance, provides good corrosion protection
indoors on iron and steel. Less apt to darken and form cor-
rosion products than zinc; nevertheless, zinc is more widely
used because of cost. Outdoor corrosion resistance varies
and should be checked by testing. Radio, television, and
electronic chassis; aircraft, marine, and military outdoor
use; washing equipment, steel embedded in concrete, and
similar parts.
Excellent resistance to wear, abrasion, and corrosion. Low
coefficient of friction and high reflectivity. Popular decor-
ative corrosion-resistant coating on automobile exterior and
interior trim, appliances, and business machines. Widely
used in bearing applications and to build up worn surfaces.
Similar to nickel, but more expensive. Infrequently used
alone except for applications where high hardness is needed
and on mirrors and reflectors. Frequently used in alloy
electroplates to upgrade properties.
Good appearance (when polished and/or lacquered) and
corrosion resistance; high electrical and thermal conductiv-
ity. Undercoat to improve adhesion and protective ability
of subsequent electroplates (e. g., nickel and chromium) or
to prevent hydrogen cmbrittlement. Also used as wire coat-
ings, stop-off coatings during heat treatment and chemical
milling, lubricant during drawing, thermally conductive
coatings on cooking utensils, and for electroforming.
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TABLE II. (Cont'd)
Plate Important Characteristics and Uses
Gold
Indium
Iron
Lead
Nickel
Palladimn
Resistant to tarnishing, chemical attack, and higtl-tempera-
ture oxidation. Good ductility, thermal refleetivity and
electrical conductivity. Pen points, jewelry, watch and
vanity cases, musical instruments, reflectors, nameplates,
eyeglass frames, bracelets, trophies, novelties, electrical
contacts, springs, waveguides, various electronic parts,
laboratory apparatus.
Tarnish resistant, malleable, and ductile. Principally
used as all overlay diffusion coating on silver-plated steel
bearings for high-speed aircraft engines. Also used as all
alloying element to upgrade mechanical properties of alloy
coatings.
Can be deposited with selected properties: easily fabricated
and plated over; high purity. Build-up of undersized parts,
electrotypes, cleetroforming of molds.
Resistant to many acids, ]lot corrosive gases, and corrosive
atmospheres. Lead normally deposited by hot dipping; how-
ever, lead electroplates are used to protect chemical equip-
ment, brine refrigerating tanks, metal gas shells, nuts and
bolts, and storage battery parts.
Excellent appearance, and resistance to a wide variety of
chemicals and corrosive atmospheres; can be elcctroplated
in range of hardness (soft to hard). I)ecorative applications
either along or as a heavy base for thin chromium electro-
plates to improve corrosion resistance and mechanical
properties, as in trim for automobiles, appliances, busi-
ness lllachines, and consunler goods. Also used for electro-
forming, and to build up worn and nlismachmed parts,
Good apt)earance, tarnish and corrosion resistance. Orna-
mental and decorative applications. Can be used alone or
under rhodium for radar and electronic equipment.
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TABLE II. (Cont'd)
Plate
Platinum
Rhenium
Rhodium
Silver
Tin
Z inc
Important Characteristics and Uses
Good appearance, tarnish and corrosion resistance. Orna-
mental ("white gold") applications and as a flash decorative
coating. Also to protect surfaces that must withstand
unusual corrosive environments.
Although melting point is high, begins to oxidize as low
as 752 F. Poor resistance to moisture. Infrequently used
but has been proposed for electronic applications such as
cathode and filament emitters and heater wires.
Brilliant white color, tarnish and corrosion resistant, good
electrical conductivity. Decorative and tarnish-resistant
finish for costmne jewelry, insignia, emblems, musical
instruments, medical and surgical parts, laboratory equip-
ment, and optical goods. Also electrical contacts, reflec-
tors and mirrors.
Excellent appearance when suitably prepared and protected,
high load-carrying capacity and electrical conductivity,
good resistance to many chemicals. Decorative applications
such as tableware, hollow-ware, cigarette lighters, and
musical instruments. Also industrial applications, such as
bearings, surgical instruments, chemical equipment, elec-
trical contacts, etc., where conductivity is needed.
Corrosion resistant, attractive appearance, hygienic, easily
soldered, soft and ductile, good bearing properties. Food
and beverage containers, refrigerator evaporators, food
and dairy equipment, hardware, appliance and electronic
parts, copper wire, and bearings.
Easily and rapidly applied, high corrosion resistance. Elec-
trogalvanized sheet is widely used in fabricating appliance
and automotive parts. Also, for finishing small parts such
as pipe couplings, bolts, nuts,trivets, washers, nails,
hinges, hangers, hooks and buckles. Larger parts include
electrical conduit pipe, silo and tie rods, screening, tele-
phone exchmlge equipment, and iron and steel castings.
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TABLE II. (Concluded)
Plate hnportant Characteristics andUses
Cobalt-Nickel
Copper-Tin
(Bronze)
Copper-Zine
(Brass)
Lead-Tin
Tin-Nickel
Tin-Zinc
Wide range of magnetic properties. Magnetic recording,
permanent magnet coating on memory drums in digital
computers. Electroforming.
Red-bronze coatings (lacquered to prevent tarnishing) used
on inexpensive jewelry, door plates, hardware, trophies,
handbag frames: as undercoat for nickel and chromium; as
stop-off coating in selective nitriding of steel: also used on
bearing surface. Speculum coatings (40-50% tin) used for
tableware and household fixtures: not recommended for
outdoor use.
Rich appearance much like solid brass. Little resistance
to outdoor atmospheres; may require lacquer coating to
resist indoor tarnishing. Decorative applications such as
lamps and trays; low-cost trim, interior automotive hard-
ware, tubular furniture, household goods, toys casket hard-
ware, novelties. Also used to promote adhesion of rubber
to steel.
Harder and more protective than lead; good friction m_d
bearing properties. Heavy duty bearing where corrosion
protection is needed, and as an aid in soldering.
Good decorative properties (resembles chromium) ; high
resistance to tarnishing, common reagents, and marine
corrosion; good bearing and oil retention properties; solder-
able. Plating baths have outstanding throwing properties.
Cooking utensils, analytical weights and surgical instru-
ments, numerous watch parts, chemical pumps, valves and
flow control devices.
Good corrosion resistance, excellent solderability, tenden-
cy to fingermark (can be prevented by lacquering). Radio
and television parts, cable connectors, relay assemblies,
galvanic protection of steel parts contacting aluminum.
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A few specific instances of the electroplating of precipitation-hardenable
stainless steels have beenidentified and deserve mention here. For example,
billets of A-286 austenitic precipitation-hardenable stainless steel and PH
15-7Mo semiaustenitic precipitation-hardenable stainless steel have beenelec-
troplated with a 0.04-in. (0.1-cm) thick layer of nickel prior to hot extrusio_
with standard glass lubricants [21]. The objective was to prevent tearing and
scoring of the surface of the extruded shapes. It was found, however, that by
using proper die design and a preheated container the nickel plate wasulmec-
essary. In fact, in the case of the PH 15-7Mo material, the nickel plate
detracted from the strength obtainableon subsequentheat treatment. During
extrusion, the nickel plate diffused into the surface layers of the stainless steel,
increasing the stability of these layers to the point that they wouldnot transform
to martensite and harden during subsequenthardeningand aging heat treatments.
Again, A-286, which is difficult to braze, can bebrazed readily when
plated with nickel or iron. Suchtitanium- or aluminum-containing alloys form
an adherent oxide film on the surface, which cannot be reducedeven by an
extremely pure, dry-hydrogen, brazing atmosphere. This film is a great
impediment to brazing. However, plating with nickel or iron, whoseoxides
are easily reduced, overcomes the problem [22]. Also, it has beenfound
that high-strength precipitation-hardenable stainless steel parts of missiles
housedin underground silos can beprotected from stress-corrosion cracking
by nickel-cadmium electroplating [23]. This treatment has beengiven to parts
that could not be adequatelystress relieved.
Most of the plates discussed aboveandlisted in Table II probably can
be electrodeposited on theprecipitation-hardenable stainless steels, although
information on the subject is extremely meager. In general, each metal can
beplated from several baths of different types and compositions, each bath
having its own range of applicability and its own set of operating conditions.
Thus, electroplating is a broad and complex technology, and a detailed treat-
ment of the subject is beyond the scope of this report [24,25,26].
In the absenceof ilfformation bearing directly on procedures for plating
the precipitation-hardenable stainless steels it can be assumed, as a point of
departure, that they behavemuch like their nonage-hardenablecotmterparts.
Thus, suchmartensitic precipitation-hardenable stainless steels as 17-4 PH
and 15-5 PH would beexpectedto perform in a maimer snnilar to that of
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AISI 410, 414, 416, or 420. Likewise, austenitic precipitation-hardenable
stainless steels such as A-286 and HNM would be expected to behave about like
other highly alloyed austenitic stainless steels. With the semiaustenitic types,
such as 17-7 PH, PH i5-7Mo, PH 14-8Mo, AM350, andAM355, the situation
would appear to be more complicated. As solution annealed, these steels are
austenitic and therefore should resemble the AISI 300 series of austcnitic
stainless steels. As hardened, on the other hand, they possess a martensitic
matrix which would tend to make Lhem take on some of the attributes of the
martensitic stainless steels. However, they are more highly alloyed and enjoy
corrosion and passivity characteristics approaching those of the AISI 300 series
of austenitic stainless steels.
Activation. Thus, in common with other stainless steels, the precipi-
tation-hardening types tend to be passive, that is, they tend to possess oxygen-
containing films on their surfaces. These films interfere with the adherence
of electroplates and must be removed before electroplating. This film-removal
step, which is called activation, distinguishes the staizfless steels from most
other metals and alloys in the technology of electroplating. Activation is carried
out after descaling or other surfacc preparation as well as after such steps as
wiring, jigging, masking, and final cleaning, and is the step immediately pre-
ceding plating. Activation treatments for stainless steels are as follows 126] :
a. hmnersion treatments
I. Immerse in 20 to 50 percent sulfuric acid at 130 ° to 150 ° F
(325 ° to 336 _ K) for at least 1 rain after gassing commences.
It may be necessary to start the gassing by touching the
stainless steel with a piece of carbon steel.
2. Immerse for 26 sec at room temperature in:
Hydrochloric acid
Sulfuric acid
0.1 percent
1.0 percent
b. Cathodic treatments
Sulfuric acid
Temperature
Current density
Time
5-50 percent
Room
/ '_5 amps,, ft _ (53.5 amps/m 2)
i-5 min
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. Hydrochloric acid
Temperature
Current density
Time
5-50 percent
Room
20 amps/ft 2 (214 mnps/m 2)
i- 5 rain
3. Immerse in i0 to 30 percent hydrochloric acid at room
temperature followed by cathodic treatment in:
Sulfuric acid
Tempe rature
Current density
5-50 percent
Room
5-25 amps/ft 2 (53.5-267.5 amps/m 2)
c. Simultaneous Activation - Plating Treatments
o Nickel chloride
Hydrochloric acid
Temperature
Electrodes
32 oz/gal (240 kg/m 3)
11 fl oz/gal (8.58 x 10 a cm3/m 3)
Room
Nickel
First, treat anodically at 20 amps/ft 2 (214 amps/m 2) for 2 rain,
followed by cathodic treatment at 20 amps/ft 2 (214 amps/m 2) for 6 rain.
2. Nickel chloride
Hydrochloric acid
Temperature
Anodes
32 oz/gal (240 kg/m 3)
16 fl oz/gal (1.25 x 105 cm3/m 3)
Room
Nickel
First, treat cathodically at 50 to 200 amps/ft 2 (535 to 2140 amps/
m 2) for 2 to 4 rain, then reduce to 15 to 50 amps/ft 2 ,(160.5 to 535 amps/
m 21 for 15 to 30 rain.
. Nickel chloride
ttydrochloric acid
Temperature
Anodes
Current density-
cathodic
4-40 oz/gal (30-300 kg/in 3)
2-20 fl oz/gal (15610-156100 cm3/m 3)
Room
Nickel
5-i00 amps/ft 2 (53.5-1070 amps/m 2)
2O
. Hydrochloric acid
Copper sulfate
Temperature
Anodes
Current density-
cathodic
Time
C onc entrated
0.05 oz/gal (0. 376 kg/m 3)
Room
Nickel
40-60 amps/ft 2 (428-624 amps/m 2)
1-5 amps/ft 2 (10.7-53.5 amps/m 2)
. Nickel sulfate
Sulfuric acid
Temperature
Anodes
Current density-
cathodic
Time
32 oz/gal (240 kg/m 3)
6.7 oz/gal (50.4 kg/m 3)
86-104 ° F (300-310 ° K)
Lead
150 amps/ft 2 (1605 ainps/nl 2)
5-10 rain
After activation, the work is rinsed and transferred to the plating bath
as quickly as possible. The rinse water should be acid (pH 2.5-3.5). The
drag-over of acid from the activation treatments will frequently make the rinse
water sufficiently acid. If possible, the current should be on as the parts are
immersed in the plating solution.
Depending on the type of stainless steel and activating treatment,
adherent deposits of most metals can usually be depcysited directed on the
activated surface. In particular, Treatment c-2 is recommended for the acti-
vation of stainless steels prior to plating with cadmium or nickel [25]. Except
in the ease of chromium plating, the use of a simultaneous activation-plating
treatment usually gives more consistently good adhesion [26].
For chromium plating on stainless steel, the immersion treatment,
a-2, has been used with success for activation of the basis metal [26]. How-
ever, it is common practice to eliminate activation as a separate step. Instead,
the cleaned and rinsed work is placed directly in the chromium-plating solution
where it is treated as an anode at 100 amps/ft 2 (1070 mnps/m 2) for a few min-
utes, after which the polarity is reversed and plating proceeds [26, 27].
On the other hand, in Great Britain activation of stainless steels prior
to chromium plating often is accomplished by using Treatment a-i followed by
a nickel strike, i.e., the deposition of a very thin layer of nickel in the order
of 10x 10 -6 to 50x 10 -6 in. (25x 10 -6 to 127 x 10 -6 cm) in thickness. The
strike solution consists of 36 oz/gal (270 kg/m 3) nickel sulfate and 4.3 oz/gal
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(32.4 kg/m 3) sulfuric acid. The current density is 150 to 200 amps/ft 2 (1605 to
2140 amps/m 2) , the plating time 5 to 10 rain, the operating temperature 100 ° F
(308 ° K), and either lead or nickel anodes may be used [20]. Alternatively,
the parts may be given an anodic/cathodic treatment at room temperature in a
solution of 38.5 oz/gal (290 kg/m :_) nickel chloride and 13.6 oz/gal (102 kg/m 3)
hydrochloric acid using nickel electrodes. The anodic treatment is 2 rain at 30
amps/ft 2 (321 amps//m2), then the current is reversed and the parts are plated
5 to 6 rain at 30 to 100 amps/ft 2 (321 to 1070 amps/m 2) I20].
Hydrogen Embrittlement. In such operations as pickling, cathodic
cleaning, and electroplating, atomic hydrogen is produced on the surfaces of
the work. The bulk of this atomic hydrogen combines to form molecules of
hydrogen which go off as a gas. Itowever, some atomic hydrogen in available
to diffuse into the metal. Many metals and alloys, including the austenitic
stainless steels, are not greatly _fected when they absorb hydrogen. On the
other hand, ferritic and martensitic steels tend to embrittle and often display
the phenonlenon of delayed, brittle failure on absorption of hydrogen. Included
in this category are the martensitic precipitation-hardenable stai_fless steels
as well as the semiaustenitic precipitation-hardenable stainless steels when in
the hardened (martensitic) condition 128].
The presence of hydrogen in these "alloys tends to lower tensile elonga-
tion and reduction of area. In steels of relatively low strength, the ultimate
tensile strength is unaffected or sometimes slightly increased. In ultrahigh-
strength steels, the ultimate tensile strenglh is reduced. In fact, under given
conditions of hydrogcn entry, the higher the original strength of the steel, the
more drastic is the reduction in strength. The reason is that the ductility is
decreased to such low values that the fracture strength of the steel is reached
before the metal has the opportunity to strain harden itself to its original
ultimate tensile strength [29].
ttydrogen embrittlement is most severe at intermediate temperatures,
generally in the range of -150 ° to +210 ° F (171 ° to 389 ° K), and at low strain
rates. Because of the latter factor, notch-bar impact tests do not reveal
hydrogen embrittlement [ 29]
tlydrogen cmbrittlement often manifests itself in the form of delayed,
brittle failure which occurs when the part is under a sustained tensile or bend-
ing load. This phenomenon is especially serious because, other things equal,
the minimmn stress for failure decreases as the strength level of the steel is
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increased andbecausethe failures occur with no appreciable ductility even
thoughin a standard tensile test the hydrogen-bearing material may exhibit
normal ductility [29J.
Thesecomments are made to caution the reader that the formatiou of
hydrogen on the surface of precipitation-hardenable stainless steels in the
martensitic condition, during electroplating andrelated operations, may lead
to hydrogen-embrittlement problems. Detailed ilfformation on the complex
subject of hydrogen in steel can be obtained from the literature [29, 30, 31, 32].
A common source of hydrogen embrittlement is the deposition of
cadmium from a cyanide solution, tlydrogen embrittlement is even more likely
to occur as a result of zinc plating from a cyanide solution. In fact, parts
having very high strength may fail in the course of being zinc plated and it may
be necessary to use some other plate or to avoid plating entirely. Other sources
of hydrogen include highly acid pickling baths, cathodic cleaning operations, and
nickel-strike baths [251.
By adhering to the following procedures, wherever possible, hydrogen
embrittlement can be eliminated or considerably reduced in severity [25]:
1. Use mechanical descaling methods in preference to strong acid
solutions.
2. If pickling is essential in preparing nmdium and high-strength parts,
bake parts at about :;75 ° F (459 ° K) for at least 3 hr _ffter pickling and before
plating.
3. In cadmium plating, use a porous deposit rather than a dense one,
and bake parts at 375 ° F (459 ° K} for 3 to 24 hr as soon after plating as
possible. The shorter baking periods are adequate for parts with tensile
. _ 04strength less than 220 000 lb'm: (151 668 x 1 N'm 2) : use the longe_" tilnes
for parts having tensile strength exceeding '220 000 lb/m_ (151 668 x 104 N u12).
4. In plating high-strength parts, avoid nickel-strike solutions and
other solutions that are inefficient, A great deal of hydrogen is generated in
these solutions which is availaMc to cmbrittle tim work.
in addition, ultrahigh-strength-steel parts shotfld be free of surface
stresses before clectroplating operations, especially hard chromium plating.
Thus, after grinding or other operations that colt] work the surface, a low-
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temperature stress relieving treatment may be advisable. When ultrahigh-
strength parts are destined for service under dynamic loads, shot peening of
the surfaces is recommended prior to chromnium plating. Hard chromium
plating tends to set up undesirable surface tensile stresses which are com_ter-
acted by the compressive stresses introduced by the shot peening operation.
In some cases, it may be advisable to shot peen before chromnium plating and
bake afterwards [25].
Electroless Plating
Autocatalytic or electroless plating made its appearance in i946. At
that time, announcement was made of a process invented by Brenner and
Riddell for plating nickel by making use of a spontaneous autocatalytic chemical
reaction. Since then, the technology of this type of plating process has advanced,
and it is now possible to deposit nine different metals singly or in combination.
The metals that have been plated are: cobalt, chromium, copper, gold, iron,
nickel, palladimn, silver, and vanadimn [33].
The term "electroless plating" was coined by the original inventors as
a label for their process. However, it has since become more widely used
and, in fact, is frequently used to desig]mte other chemical plating processes
in addition to the autocatalytic process. Thus, the term is sometimes applied
to the salt-water gold process, contact plating processes, and immersion or
replacenmnt plating J34].
True electroless plating differs significantly from all other chemical
plating processes. Not only does electroless plating require no electric
current, it is the only chemical plating process that does not depend on the
presence of a couple between galvanically dissimilar metals. Thus, no external
connection is made to an active metal, as in the salt-water gold process; nor
does the work contact any active metal in solution, as in contact plating; nor
does the substrate dissolve, as in immersion plating [34].
In electroless plating, a catalytic substratc is immersed in an aqueous
plating solution, whereupon the reaction begins spontaneously and metal is
deposited only on the substrate surface. The deposited metal also catalyzes
the reaction, causing it to continue autocatalytically. The essential ingredients
of the plating solution are the metal ion and a reducing agent. Only certah_
metals have the required reduction potential and autocatalytic properties. In
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addition to those listed earlier they are ruthenimn, rhodium, osmium, iridium,
and platinum [33]. In the plating reaction, the metal ion is reduced to the
corresponding metal by receiving the required electrons, which bCCOllle avail
able upon the oxidation of the reducing agent. Such reductants as hypol)hosphite
ion, borohydridc ion, hydrazines, formaldehyde, and boranes have been em-
ployed [33].
Another important constituent of the plaling solution is a compound,
frequently the salt of an organic acid, which acts both as a buffer and as a
complexing agent for the metallic ion. Buffering is important because the plI
of the bath has a strong influence on its operation and the plI tends to change
during bath operation. The function of complexing is to help control the avail
ability of the metal ion to encourage plating only on _hc substrate, and discour
age the formation of sludges and the spontaneous dccompositiol_ of the bath 1341.
Electroless plating of nickel is now a thoroughly commercial process;
tim plating of other metals by this method is not so well advanced. Compositions
of solutions for depositing electroless nickel are given in Table 1II I:'5]. The
deposits are not pure nickel but are actually alloys that usually contain 4 to 8
percent phosphorus. The presence of the phsophorus nmkes the deposits harder,
more corrosion resistant, and less magnetic than electrodeposited nickel. The
hardness of eleetroless nickel as deposited is al)ottt 500 Vickers; when the
plate is heated for an hour at 750 _ F (666 ° K) its hardness increases to some
700 Viekers. The deposits are reported to Im brittle, but adherent and low in
internal stress; they arc smooth, semibright, and have a good appearance [351 .
()thor features of electroless plating, which apply particularly to electro-
less nickel plating, include the fact that the solutions have perfect throwing
poxver and can del)osit uniformly thick coatings on articles of complex shal)e.
Also, the (teposits are more l)orc_frcc than electrol)latcs. Again, nonconductive
surfaces can be easily sensitizc(l to l)ermit electroless plating [321 .
Elcctroless nickel plate has been used on certain aircraft parts because
of its hardness, wear resistance, and low level of internal stress. The heat
treated deposit has been preferred for its superiority in these respects to d_c
as-deposited plate [36]. In addition, heat-treated clectroless nickel deposits
are often used as undercoatings beneath gold electroplates on satellite and other
aerospace components formed from magnesium and aluminum [16].
No specific uses of clectroless plates as coatings for precipitation-
hardenable stainless steels have been identified, tlowever, it has been reported
that the deposition of a l-rail (0. 00002-m)-thick layer of electroless nickel,
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followed by baking to remove any absorbedhydrogen, offers almost complete
protection to these steels against stress-corrosion cracking [37].
Carburizing and Decarburizing
All stainless steels, including the precipitation-hardenable types, can
be carburized; that is, they are capable of absorbing carbon when conditions
are reducing, carbon is chemically available, and the temperature is high
enough. However, very rarely are such steels carburized intentionally because
the process usually is extremely detrhnental to corrosion resistance and other
properties.
During carburinzing or during cooling from the telnperatures at which
carburizing occurs, the carbon that has diffused into the surface layers of
the metal combines with chromium in the steel to form a precipitate of chrom-
ium carbide particles. Chromium thus combined and precipitated is unavailable
to protect the steel from corrosion. Moreover, when the chromium carbide
particles are dispersed as continuous networks along grain boundaries, they
form myriad galvanic cells with the adjacent chromium-depleted matrix, fur-
ther reducing the corrosion resistance of the steel and, in particular, rendering
the nmteria] susceptible to intergranular corrosion. In addition, the very
presence of the intergranular carbide networks reduces the ductility and tough-
ness of the steel.
The austenitic and semiaustenitic stainless steels are especially prone
to develop such intergranular chromium carbide networks. With the marten-
sitie types, there is a greater tendency toward the formation of random dis-
persions of ehromimn carbide particles. Consequently, they often are not so
susceptible to intergranular attack, but may become quite prone to stress-
corrosion cracking as well as to general corrosive attack in relatively mild
environments.
Sources capable of supplying carbon to carburize the precipitation-
hardenable and other stainless steels include gTease, off, coal, coke and coal
dust, bone black, cast iron turnings, asphalt, tar, methane and other hydro-
carbons, molten salts comaining additions of carboniferous rectifiers such as
cyanide compounds to make them neutral toward medium carbon and tool steels,
and mmay of the gaseous atmospheres used to case harden standard carburizing
steels I38]. Temperatures in the range of 1400 ° F (1013 ° K) and upwards are
conductive to the carburization of these steels.
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Occasionally, such martensitic precipitation-hardenable stainless steels
as 17-4 PH and 15-5 PH are gascarburized to improve resistance to wear and
galling [39]. The treatment temperature often is quite high, ranging up to
1850° F (1271° K). The resulting microstructure is rather unique. The sur-
face layer is composedof hard carbides in anaustenitic matrix beneathwhich
is a layer of soft, ductile, carbide-free austenite, while below that is the nor-
real martensitic structure of the uncarburized core. The key factor in the
developmentof this structure is the fact that, during carburizing, sufficient
carbon diffuses fairly deeply into the metal to form a stably austenitic sublayer
which doesno_transform to nmrtensite on cooling to room temperature.
In fact, the potency of carbon as an austenite stabilizer is another
reason to avoid carburizing the semiaustenitic type of precipitation-hardenable
stainless steel. The high-carbon surface layers produced by the carburizing
treatment cannot be transformed subsequentlyto martensite and, therefore,
will not develop the high strength that characterizes this type of steel when
fully heat treated. The carburizing treatment, in effect, tends to convert the
surface layers from being a semiaustenitic stainless steel to being a completely
austenitic but nonstainless material.
To avoid the harmful effects of carburizing, the precipitation-hardenable
stainless steels are usually heat treated in air. Electric or radiant tube, gas,
and oil furnaces are especially satisfactory for this purpose [38, 40]. The
degree of oxidation produced in an air atmospherenormally is not detrimental,
even whenthe heat treating temperature is as high as 1950° to 2000° F (1326°
to 1353° K). Salt-bath equipmenthas beenfotmd to do an acceptablejob, but
the neutrality of the bath is sometimes difficult to control [40]. Heat treating
in so-called neutral atmospheres, suchas those composedof the products of
combustion of fuels, is to be avoided [40]. Theseatmospheresare not neutral
toward the precipitation-hardenable stainless steels. And the result of using
them is the formation of very thin oxide fihns on the steel which are extremely
difficult to remove. Likewise, the use of openfired gas or oil furnaces is not
recommendedunless the work is placed in a sealed retort. The products of
combustionmay contaminate the metals, unless their composition is carefully
controlled I40].
\X%enbright scale-free surfaces are required on the work, it is necessary
to resort to special atmospheres. Bright annealing can be accomplished
successfully in high purity hydrogenor argon with a dewpoint of -60° F (220 ° K)
or lower [40]. Heat treatment in a vacuum also can yield an excellent surface
condition provided the vacuum is in the order of 10 microns (0. 00001 m) [40].
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In cases where a thin scale can be tolerated but the amount of scaling
that occurs whenthe metal is heat treated in air is unacceptable, a special
protective coating may be applied to the part prior to heat treating. The
majority of suchcoatings are proprietary; a listing of representative propi'ietary
coatings appears in Table IV [41]. The primary purpose of these coatings in to
minimize scaling during heat treating and to make subsequentscale removal by
chemical means easier. Suchcoatings perform best whenthe coated part is
heat treated in air, which allows the coating to oxidize and becomean effective
barrier betweenthe atmosphereand the work. Becausethese coatings generally
have organic binders, they tend to carburize the work if heated in a neutral or
reducing atmosphere.
A case in point is the heat treatment of components made from 17-7 Pll
or PH 15-7Mo in thin gages [42]. The loss in the thicMmns of the part due to
the scMing that occurs on heat treating in air is too great to be acceptable. On
the other hand, to remove a thin oxide fihn by pickling invites preferential
intergranular attack, sand blasting causes distortion of the component and work
hardening of its surfaces, and vapor bhtnting is prohibitively expensive. Re-
course is to have a protective coating. In the example cited, Turco 4367 was
used. After heat treating, the component was ilmnersed in an alkMine salt
bath at 900 ° F (748 ° K) which conditioned the coating so that it could be re-
moved readily by a subsequent flash picMe in a nitric-hydrofluoric acid solution.
On rare occasions, deearburization cm_ present a problem. For example,
in the course of manufacture, hemispheres spun from Ptt 15-7Mo sheet beemne
sufficiently decarburized in repeated interstage anne'Ms that they would no longer
retain their soft, workable attntenitic structure on cooling to room temperature
[431. The composition of tile steel had beconle no unbManced from loss of
carbon that the material transformed to hard, unworkable martensite on cooling
from the annealing tcml)eraturc. In thin case, decarburization had trmlsformed
the steel from a scmiaustenitic to a martensitic precipitation-hardenable stain-
less steel. "File materi'al had been coated before each anneal. However, the
atmosphere was COml)oscd of the products of comloustion of fuel gas rather than
air. tlad it been air, the coating would have oxidized to a greater extent,
becoming more impervious in the t)rocesn, and thus more effective in preventJmg
decarburization. In fact, in all probability, no coating whatever would have
been required had the steel been annealed m air.
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TABLE IV. PROPRIETARYCOATINGSTO PROTECTSTAINLESS
STEELS DURINGHEAT TREATMENT
Coating
Turco 4367
Turco Pretreat
No-Carb
Skalix
Markal C-R
ChicagoVitreous
Corporation
Coatings (a)
L. H. Butcher
Coatings
Purpose Supplier
Minimize scaling. Facilitate
scale removal. Prevent de-
carburization and carburiza-
tion
Inhibit formation of tena-
cious scales and intergran-
ular oxidation
Prevent decarburization
Oxidation inhibitor
Prevent carburization,
decarburization, oxidation,
gas absorption
Prevent carburization,
scaling, decarburization,
oxidation
Minimize scaling and
decarburization
Turco Products, Inc.
P.O. Box 1055
Wihnington, C alffornia
Turco Products, Inc.
P.O. Box 1055
Wlimington, California
Park Chemical Company
8074 Military Avenue
Detroit, Michigan
Rinshed-Mason Company
1244 North Lemon Street
Anaheim, California
Markal Company
3052 West Carroll Avenue
Chicago, Illinois
Chicago Vitreous Corp.
Div. of Eagle Picher Co.
1425 South 55th Street
Cicero, Illinois
L. H. Butcher Company
15th and Vermont Street
San Francisco, California
(a) This company does not merchandize coathlgs, but has developed ceramic
coatings for its customers.
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Nitriding
Because of their chromium content, all stainless steels can be case
hardened to a greater or lesser degree by the process of nitriding. The
chromium in the steel aids the diffusion of nitrogen into the material and
facilitates the formation of it stable ease possessing high hardness. Stainless
steels are nitrided to obtain high surface hardness, to increase wear resistance,
to develop antigalling properties, m_d to improve fatigue resistance 144].
On the other hand, nitriding tends to detract from the corrosion resist-
ance of these steels in that the case usually has lower corrosion resistance
than the basis material. The reason is fl_at the nitrogen which is introduced
by nitriding combines with the chromium in the surface layers to form chromi
um nitride, thus reducing the availability of this element to protect the steel
from corrosion I39,44,45].
All three tyl)es of precipitation-hardenable stainless steel have been
nitrided: the martensitic tyl)e tel)resented by 17-4 PI1 and 15-5 PlI; the semi-
austenitic Mloys, AM-350, AM-355, 17-7 PII and PII 15-7Mo; an(lthe austen-
itic steet, A-286 [39,44,45,461. The principal forms are finished 1)arts
produced from bar stock. Shafts for jet engine fuel pumps are examples of
parts made of a precipitation-hardenable stainless steel and then nitridcd; the
steel used was 17-4 PII [47]. Case depths arc generally in the order of 0. 004
to 0.006 in. (0.01016 to 0.01524 era) and surface hardness values of (;7
l{ockwell C or 900 l)tql::: are obtainable [391 .
Nitriding of the t)recipitation-hardenable stainless steels is carried out
by the gas nitriding method, the nitriding temf)erature being in the range of
925 ° to 1050 ° 1.' (7(;2 ° to 851 ° E). At such temperatures, these steels can be
age hardened. Therefore, it is not uncommon to COlnt)ine nitriding with the
final aging treatment [2{9, 45].
l'efore nitriding, the oxide film that protects the steel from corrosion
must }_e removed. This may I)e done by such metho(Is as wet blasting, pickling,
or reduction in :1 suitable re(luting atmosphere. ()f course, the parts must I)e
free of foreign particles, grease, oil, finger marks, and other contaminants
[4-1[.
I)ialnond I)yrami(I ltardness
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In general, single-stage nitriding cycles are used, the temperature
being 975° to 1025° F (784° to 817° K), andthe time ranging from 20 to 48hr
dependingon the case depth required. The atmosphere is anhydrousammonia
[44].
In addition, a proprietary nitridh]g process knownas Malcomizing* has
been usedto case hardenprecipitation-hardenable stainless steels [46,48].
This process is carried out onparts the surfaces of which have beencarefully
depassivatedand cleaned after finish machining and heat treating. The process
requires temperatures of 920° to 1050 ° F (759 ° to 831 ° K) and times of 6 to 8
hr. The recommended heat treatment to be used before Malcomizing and the
case depths and hardnesses obtained for a number of precipitation-hardenable
stainless steels are listed in Table V [46].
TABLE V. CASE HARDENING PH STAINLESS STEELS BY bIALCOMIZING
Steel
17-4 PH
17-7 PH
PH i5-7Mo
PH 13-8Mo
A-286
AM-350
AM-355
Case Depth,
in. (cm)
0. O07/0. 010
(0. 018//0. 0257
0. 007/0. 010
(0. 018/0. 0257
0. oo7/o. 010
(0. 018/0. 0257
0. 007/0. 010
(0. 018/0. 025)
o. 0035/0.005
(0. 0089/0. 0137
O. 005/0. 007
(0. 013/0. 018)
o. 0055/0.008
(0. 0140/0. 020)
Surface
H ardne s s,
DPH
85o/looo
85o/tooo
85o/tooo
85o/tooo
650/850
950/1000
tooo/to5o
Recommended Condition
Before Malcomizing
Aged
Aged
Aged
Aged
Aged
Solution annealed and refrig-
erated
Solution annealed and refrig-
erated
A process of the Chapmm_ Valve Company, Indian Orchard, Massachusetts.
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Most nitriding furnaces are batch-type units commolfly beh]g stationary
vertical retort furnaces, bell-type movable furnaces, or box-type movable
furnaces. All are equipped with baskets to support the load and have a retort,
or tile equivalent, which seals the charge so that air and other contaminants
are excluded while containing the nitriding atmosphere. An inlet line is pro-
vided to introduce the atmosphere, while an outline line is used to exhaust the
spent atmosphere. Appropriate means of heating and temperature control are
provided. A fan is usually included in the equipment to circulate the atmosphere
and equMize the temperature m the work load [44].
After the depassivated and cleaned work is charged into the furnace, the
retort or cover is put in place usually dipping into an off-filled trough that
produces the seal. The air is then purged from the retort in order to avoid
production of an explosive gas mkxture as well as to prevent the work from
oxidizing on being heated. Purging is accomplished with anhydrous ammonia
or with nitrogen. The furnace is usually allowed to warm up during purging,
say to 300 ° F (4t8 ° K). This facilitates the driving off of moisture. During
cooling after nitriding, the ammonia flow is considerably increased. Some
furnaces are equipped with a heat exehm_ger to speed up the cooling process
[44].
MECHANI CALTREATMENTS
Treatment of the surfaces of metal parts by mechanical means is
designed to accomplish one or more of several purposes, i.e., to (1) improve
the finish of the surface of an article, (2) clean, deseale, deburr, or put radii
on the edges and corners of parts, (3) establish a compressive state of stress
at the surface, or (4) cold work the material so as to induce recrystallization
in localized areas during subsequent solution mmealing. Burnishing and
planishing are used to improve surface finish, while explosive hardenhlg,
peening, and planishing are used to cold work the metM and/or to develop
residual compressive stresses at the surface. Such work and stresses may
serve to increase surface hardness, and reduce the occurrence of cracking in
welds.
Burnishing
In burnishing, a smooth, glassy, mirrorlike finish is developed on the
surfaces of small-to-moderate sized metal parts by frictional contact either
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between the parts themselves or between the parts and other pieces of material
known in the trade as media. The operation is usually carried out in rotating
barrels, shaker containers, or vibrating tubs [49, 50].
In true burnishing, the surfaces of the workpieces are compressed-and
kneaded, minute high spots being pushed down and other ii'regularities, such
as tiny pits and scratches, being smoothed out and blended by lateral flow bf
the metal [51]. No abrasion or other form of metal removal takes place. By
eliminating superficial irregularities, a high luster is developed, in fact, the
process is sometimes called lustering or coloring.
Sometimes the work is polished and burnished at the same time. Because
polishing involves metal removal by abrasive action, the operation is often
referred to as abrasive burnishing. The degree of metal removal m this oper-
ation can be varied from small amounts to Mmost none. Abrasive burnishhlg
generally does not develop as high a luster as that produced by true burnishing.
Usual practice is to carry out burnishing operations in water, although
they can be performed dry. The use of water has several advantages. For
example, water tends to act as a cushion reducing the chance that parts will be
damaged from battering as they tumble and slide in the container. In addition,
water offers lubricating qualities, aids in controlling the fluidity of the mass,
and tends to keep dirt away from the metallic surfaces by hohting it in suspen-
sion. A particularly important function of the water is to act as the solvent and
vehicle for additives introduced to increase lubrication, provide cleaning action,
control pit, or help to brighten the work.
A high finish can be obtained on stainless steel parts by using stainless
steel balls as the burnishing medimu 15zl. Best practice generally calls for the
use of balls of different sizes often mLxed with other stainless steel shapes
specially designed for the purpose. The sizes and shapes of the pieces com-
prising the medium are selected with the intention of contacting all the places
on the workpiece that require burnishing, without lodging in holes and recesses,
or causing the mass to jam together and become rigid [50]. Common nonspheri-
cal shapes used in burnishing media are bMl-cones, grains, disks, diagonals,
owds, and pins.
Other materials used for burnishing media include leather cuttings,
glass beads, corn cobs, hardwood sawdust, and carbon steel or iron bails.
Media used for abrasive burnishing include glazed natural stones (such as
granite, flint, or agate), shapes made of fused alumina or carl0orundum, and
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glass pellets [50,52]. When carbon steel or iron balls are used to burnish stain-
less steel, the operation is followed by a passivation treatment to prevent pos-
sible subsequent marring. An effectivebath is 10 to 15 percent nitricacid at 140°
to 150° F (330° to 336° K) [52]. Although no information relating specificMly
to the precipitation-hardenable stailflesssteels has been turned up, there is
every reason to suppose that they can be burnished under the same conditions
as are applicable to stainless steels in general.
The additives that are introduced by way of the water used in the oper-
ation and serve to supplement the action of the medimn are known in the trade
as compounds. Tallow-base soap is a favored knrnishing compound because
it produces long-lasting suds that increase luster, provide cleaning action, and
act as a cushion [50]. Vienna lime may be added to enhance polishing action;
also, the addition of a few ounces of sodium cyanide eggs helps improve the
brightness of stainless steel parts [52].
A great variety of burnishing barrels, vibratory machines, and auxiliary
equipment is available. Likewise, many different sizes, shapes, and kinds of
media are on the market. In addition, a considerable number of compounds of
complex chemistry, developed for particular applications, are in use today.
Among the last named are wetting agents, water softeners, coloring compounds,
cleaning compounds, rust illhibitors, polishing compounds, and chemicals to
control the acidity of the water.
In barrel burnishing stainless steel parts, two volumes of the medimn
are often used to one volume of work, and the barrel is rotated one to four hours
depending on the work and the finish desired. The barrel is filled to 50 to 60
percent of capacity, and soap and waLer are added to nearly cover the work I52].
However, these conditions should not be considered as fixed or standard.
Burnishing jobs differ from each other to a greater or lesser extent and the
optimum burnishing conditions for each job are generally found by a combina-
tion of experience and cut-and-dry methods. To save time and money in setting
up burnishing operations it is advisable to consult at some length with the sup-
pliers of equipment and materials. A partial list of suppliers follows:
Equipment Suppliers
Roto-Finish/Ransohoff, Kalamazoo, Michigan
The U.S. Baird Corporation, Stratford, Connecticut
The Pangborn Corporation, Hagerstown, Maryland
Ahneo Queen Produets Division, Albert Lea, Minnesota
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The Esbec Corporation, Stanford, Connecticut
Casalbi Company, Jackson, Michigan
Speed-D-Burr Corporation, Los Angeles, California
Rampe Manufacturing Company, Cleveland, Ohio
Hartford Steel Ball Company, Rocky tlill, Connecticut
Chas. F. LVttommedieu and Sons Company, Chicago, Illinois
Jackson Vibrators, Inc., Ludington, Michigan
Media Suppliers
Norton Company, Worcester, Massachusetts
Ahnco Queen Products Division, Albert Lea, Minnesota
Roto-Finish/Ransohoff, Kalamazoo, Michigan
The Pangborn Corporation, Hagerstown, Maryland
Suppliers of Compounds
AlmcoQueen Products I)ivision, Albert Lea, Minnesota
Roto-Finish/i{ansohoff, Kalamazoo, Michigan
The Pangborn Corporation, Hagerstown, Maryland
Cleaning, Descaling, Deburring, and Radiusing
The same kind of rotating barrels and vibratory equif)ment used for
burnishing can also be used to perform a number of other surface-treating
operations on small-to-mediam sized l)arts. In fact, it is not uncommon to
perform two or more operations successively in the stone equipment by chang-
ing the compound, or the compound and medium, without duml)ingthe work [50].
For example, parts can be successively cleaned, deburred, and burnished in
the same barrel if the load is thoroughly rinsed between these operations.
Cleaning can be accomplished by standard imnlersion or spraying tech-
ni(tues, but it can often be done in a barrel or vibrating tub as a preliminary
operation. Stainless steels frequently can be cleaned with combinations of soap,
detergents, and mildly alkaline compomxls 152].
Barrel tumbling can be used for scale removal as well as for removal of
slag remaining from thermal cutting operations. Tumbling media frequently
used for stainless steel parts include granite chips, silica sand, aluminum
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oxide, and carborundum particles [52]. Grainite chips or fused alumina shapes
are frequently used as the medimn for deburring and putting radii oll edges and
corners [52].
Parts made of 17-4 PH and A-286 have been descaled, deburred, and
radiused in vibratory ectuipment using alundum shapes in water [53]. Tubs
with capacities of 3, 10, and 70 ft a (0. 0849, 0. 283, and 1. 981 m 3) have been
used, the 70 ft a (1. 981 m :_) tub being capable of handling 4000 lb ( 1814 kg) of
work pieces per charge. In one trial with the large machine, the load consisted
of four six-cylinder marine engine blocks. However, the more common work
pieces are small to medium sized machined forgings, castings, screw machined
parts, and stmnpings. To insure complete coverage of the work, the medium is
used in a variety of shapes such as diamonds, triangles, and rounds. Desealing,
deburring, and radiusing can be carried out in vibrating equipment with no
dimensional loss on flat or rounded surfaces. Radii of 0. 005 to 0. 015 in.
(0. 0127 to 0. 0381 era) have been obtained, the mnount of the radius being sub-
ject to close control.
Explosive Hardening
It has been demonstrated that high-intensity shock waves that can be
generated by explosives can be used to form a wide variety of metallic com-
ponents. In fact, in recent years, explosive forming has become a widely used
commercial metal forming method. The explosive-forming operation is usually
carried out with tne metal workpiece at room temperature. Under these cir-
eumstances, the effect of the process on mechanical properties is quite similar
to that of other cold-forming operations. Thus, metals and alloys that work
harden when cold formed will also harden when explosively formed.
It is also possible to harden work-hardenable metals and alloys by the
passage of explosive shock waves without deforming the material appreciably.
The hardness level reached and the depth of the hardening effect depend on the
metallurgical characteristics and the initial properties of the material as well
as on the nature of the impulse delivered to the material. The latter factor is
subject to considerable control. When hardening rather than forming is the
primary objective, the operation is knoxm as explosive hardenhlg as distinguished
from explosive forming.
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Explosive hardeninghas not yet achieved any great degree of commercial
significance. The major industrial useof explosive hardening thus far has been
with Hacffield's manganesesteel, which is an austenitic steel containing some
13percent manganeseand 1.25 percent carbon. This type of steel finds exten-
sive use in applications where parts are subject to impacting andheavy abrasion.
Examples include railroad frogs, jaws for rock crushers, grinding mill liners,
anddipper teeth for power shovels. Suchapplications involve severe battering
and deformation of the parts with the result that they work harden. As a con-
sequenceof work hardening during service, the parts becomecapable of resist-
ing nlore effectively further deformation and wear as service continues. In
many instances, however, the work hardening is only a surface effect and, in
most applications, a significant increase in the life of the part could be obtained
if it were placed in service already deeply hardened. Conventionalmethodsfor
deeplyhardening this type of steel are expensive and often unsuccessful in
realizing the full potential of the material.
However, procedures have beenworked out whereby the austenitic
manganesesteels can bedeeplyhardenedby detonating anexplosive charge in
contact with the metal. In a favored method of explosive hardening, the ex-
plosive is used in the form of thin plastic sheets that are placed in contact with
the surface to behardened. In somecases, only a small area of the component
is to be hardened; in other instances, the area may bequite extensive. Again,
in someapplications, the part is impacted one, two, or eventhree times to
develop the desired hardness and minimize the chanceof spalling [54].
Very little research appears to have beencarried out on the explosive
hardening of the precipitation-hardenable stainless steels, andno industrial
usageof explosives as a means of hardening these steels has thus far been
identified. However, in one recently completed program on the strengthening
of iron-base alloys by meansof explosively generated shockwaves, A-286 was
included amongthe experimental materials [55]. Using the flying-plate tech-
nique, 5- by 5- by 0.25-in. (12.7- by 12.7- by 0. 635-cm) spechnensof this
alloy, as solution annealedat 1800° F (1243° K) for 30 min andoil quenched,
were subjected to plane shockwaves of 158and 283 kilobars (1.58 and 2.83 N/m z)
pressure.
The effect of shock loading on the hardness of the solution-annealed
alloy is shownin Figure i [55]. Studies with the electron microscope revealed
that shock loading resulted in the generation of large numbers of dislocations
mid some twinlike bandsin the (111) planes of the austenitic matrix. Harden-
ing was ascribed to the presence of this dislocation and twinlike substructure.
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FIGURE 1. EFFECT OF SHOCK LOADING ON TttE tIARDNESS OF
SOLUTION-TREATED A-286 STAINLESS STEEL
Coupons of shocked and unshoeked A-286 were aged at 1315 ° F (976 ° K)
for various time periods ranging from 0.5 to 100 hr. The Rockwell A hardness
of the aged coupons was then determined. The results are plotted in Figure 2
[55] as a function of aging time. Knoop hardness nmubers obtained by conver-
sion of the Rockwell A values Mso appear in the figure. Each data point in
Figure 2 was reported to represent the average of at least 10 hardness readings.
It is noted from Figure 2 that the shocked materials reached higher
hardness wdues on aging than the unshoeked steel and that the maximum hard-
ness was a function of shock pressure. Also, the shocked steels reached max-
imum hardness sooner than the unshoeked material. Again, the percentage
increase in hardness was less for the shocked than the unshocked specimens.
Electron mierographs of shocked and aged A-286 indicated a homogeneous
precipitation of the gamma prime phase. A decrease in dislocation density
accompanied • ,, ,'a,,m_,, most of the remaining dislocations having interacted with
precipitate particles. The higher hardlmss of the shocked and aged alloy was
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attributed to the presence of those shock-induced dislocations that had been
retained by precipitate-dislocation interaction. 'lira fact that the shocked
materials reached maximum hardness faster than the unshocked specimens
was thought to be due to faster diffusion rates in the former, brought about by
:m increase in the density of defects caused by the shock wave.
It would appear that practical applications for the explosive hardening of
precipitation-hardenable stai]dess steels would have to be quite specialized. It
is clear that the effectiveness of the shock treatment decreases as the initial
hardness of steels in the martensitic condition increases [55]. Thus, explosive
hardening probably would contribute no significant amount of additional strength
and hardness to fully hardened martens itic or sem iaustenitic precipitation-
hardenable stainless steels.
On the other hand, shock waves do increase the hardness obtainable
with austenitic precipitation-hardenable stainless steels, as can be seen in the
results obtained with A-286, and there may be instances where the development
4O
of such an increase in hardness by means of explosives is warranted. However,
because explosive hardening resembles work hardening in many ways, the hard-
ness increment due to explosive shocking would probably diminish and finally
disappear as the service temperature approached and exceeded the stress-
relieving temperature range of the alloy. Again, explosive shocking shortened
considerably the time required to reach a given hardness in this alloy on aging.
There may be some circumstances under which reducing the aging time by this
means effects an economic savings of sufficient size to justify the step.
Planishing
Planishing is the production of a smooth surface finish on metal by a
rapid succession of blows delivered by higMy polished dies or specially designed
polished hammers, or by rolling in a planishing mill [49]. Any readily workable
metal or alloy can be planished.
Frequently, planishing equipment is used not only for surface finishing
but also for certain metal-forming operations. A common operation applied
to sheet metal, which can often be carried out with a planishing hammer, is
the process of dishing.
Several types of planishing mills have been developed. One type of roll
planishing mill used to planish fusion seam welds, consists of a heavy base that
supports a deep-throated superstructure. The superstructure is composed of
twin horizontal nlembers at the ends of which the planishing rolls are mounted.
The rolls are positioned one above the other and are so mounted that they can
be forced together. The upper roll is power driven and serves to drag the
work through the rolls, while the lower roll is an idler. Loads up to 50 tons
(45 350 kg) can be applied by the rolls [56].
Roll planishing has been found to be a useful nlechm_ical treatment for
fusion welds, and especially butt welds. The compressing or upsetting action
that takes place in planishing forces protrusions and high spots of weld metal
down into the weld. By this process the weld is smoothed and its contour is
blended into that of the parent metal. In this way, planishing helps to stream-
line structures, and improve their aerodynaauic characteristics and their
appearance. Improvement of contour was an important reason for planishh_g
TIG butt welds in 0. 015-in. (0. 0381-cm)-thick PH 15-7Mo sheet in connection
with the B-70 program [57]. The planishing operation reduced the thickness of
the weld approximately 25 percent.
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Another application for roll planishing is in producing seam-welded
tubular and other componentsto close tolerances. Here, advantageis taken
of the fact that, as the planishing operation reduces the thickness of a weld, it
spreads the weld beadlaterally at the same time. In the case of a tubular or
conical component, for example, the part is made slightly undersized from
sheet that has beenroll formed andjoined by means of a longitudinal butt weld.
The weld seam is then run through the planisher one or more times to widen
the weld just enoughto bring the componentup to the desired diameter.
Again, by means of roll planishing, it may be possible to impart
sufficient cold work to a weld for it to recrystallize whensubsequentlyheated
to an annealingor solution-treating temperature, in this way, the weld takes
on the grain structure of a wrought material and becomesmore homogeneous.
As a result, its mechanical properties tend to more nearly match those of the
wrought parent metal than is the casewhenthe weld is not worked. Fusion
butt welds made in sheet-metal componentsformed from PH 15-7Mohave been
roll planished so they would recrystallize on subsequentsolution annealing [58].
This wasdonein the production of skin panel assemblies for the B-70. Tim
weld beadswere shavedto protrude abovethe surface of the parent metal some
2 to 4 mils (0.00006 to 0. 00012 m) before the planishing operation. After
planishing, any excess weld bead was blended with the parent metal by grinding
and polishing.
Peening
General Discussion. The term peening originally referred to the cold
forming of metals by mechanically working them with hammer blows. It is,
in fact, an operation that a metalsmith frequently uses in hand making a metal
artifact. However, the smith also knows that by peening in a certain way he
can often improve the article's resistance to cracking and breaking especially
under conditions of repeated or cyclical loading. To bring" about this improve-
ment in performance, he strikes may light, quick blows against the metal that
is essentially at room temperature, the blows being too light to produce an
appreciable change of shape in the article. Under these conditions the crafts-
man in working only the surface of the metal [59].
Today, peening is more often thought of as a means of mechanically
working the surface of a metal than as a procedure for metal forming. The
operation is accomplished by hammer blows or by the impingement of shot.
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Carried out in this manner, peening causes a limited amount of plastic flow in
the surface of the work, tending to increase surface area; however, this action
is resisted and restrained by the unworked interior. As a result of the restraint,
compressive stresses tend to build up in the peened surface layers of the article,
while counterbalancing tensile stresses tend to develop in the interior 160, 61].
It is largely the capability of peening to develop residual compressive stresses
at the surface of a metal that makes it a useful metallurgical operation, llesid-
ual stresses can be built up in any metal that strain hardens.
tlammer peening is carried out manually by means of hand halnmers or
mechanically with pneumatic and other power hammers or with equipment, such
as swaging machinery, that acts in a similar manner [62]. Mechanical hammer
peening is often not convenient to apply; manual hammer peening is more adapt-
able and usually cheaper. However, hammer peening in general is difficult to
control. Shot peening is much more amenable to control; it is a flexible oper-
ation and is quite widely used in a variety of applications.
Shot peening is usually done in a cabinet to confine the shot, contain dust,
and aid in the recovery of the shot for reuse. The work to be peened is intro-
duced and supported mechanically. Various materials are used for shot; cast
iron and steel shot are generally used to peen workpieces made of steel. For
stainless steel and nonferrous work in which contamination of the surface with
iron from the shot is unacceptable, oilier materials usually are used; shot
composed of glass beads or cut staitfless steel wire is a frequent choice. Cast
iron grit, sand, and other abrasive materiMs are not used because they abrade
and roughen the surface of the work. Usual shot sizes range from 0. 0156 to
0.09 in. (0.04 to 0.23 era) m diameter. The shot may be driven against the
work by an air blast or by the centrifugal force generated by a rapidly rotating,
radially vaned wheel into whose hub region the shot is fed for distribution to
the work by means of the vanes.
The important factors in shot peening are the magnitude of the com-
pressive stresses developed in the surface layers of the metal, the depth of
the effect, and the coverage or uniformity with which the peening operation is
carried out over the surface of the metal. Stress m_ct depth are strongly in-
fluenced by the characteristics of the material being peened. In addition,
stress, depth, and coverage are flffluenced by such variables as the velocity,
size, hardness, and shape of the shot; the amount of shot striking the work:
the shape and size of the area covered by the shot stremn: and the angle with
which the shot impinges on the work. These variables are subject to control.
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Opthnum conditions and settings for any given application are determined by
experimentation. Further information on shot-peening procedures is given in
the literature [59, 60, 61].
Applications for which peening has been used include the following:
1. Improvement of fatigue strength (although it is not beneficial under
conditions of very high-stress, low-cycle fatigue [63]. The residual com-
pressive stresses built up at the surface are considered largely responsible
for the beneficial effect of peening on fatigue properties. This is the major
application for shot peening.
2. Correction of distortion in weldments and in unwelded components.
In some cases, this may be brought about through considerable plastic flow
of the metal; more commonly, distortion is corrected by the change in the
internal stress state of the metal produced by the peening operation.
3. Prevention of cracking in weldments. The objective is to cotmter-
act the tensile stresses developed in the joint by the shrinkage that occurs on
cooling after welding.
4. Straightening components. Again, this may be done by plastically
deforming the metal (especially cold forming) or by altering the internal-stress
state of the component.
5. Improvement in resistance to stress-corrosion cracking. The
objective is to overcome the surface tensile stresses necessary for stress-
corrosion cracking by introducing compressive stresses through the peening
operation. For this kind of application, shot peening is the method usually
employed.
6. Closing up of porosity in castings and weldments.
7. Forming of parts. Shot peening is quite well adapted to mild bending
and contouring operations on large expanses of relatively thin gage material.
The changes in curvature result from the action of the internal stress system
produced by the peening.
8. Promotion of recrystallization. It is often possible to introduce
enough cold work into welds and weld-heat-affected zones, as well as into
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wrought components, by peening to cause the metal to recrystallize when sub-
sequently heated to an almealing temperature. Recrystallization of welds may
result in improved ductility and toughness.
Preeipitation-Hardenable Stainless Steels. References relatingspecific-
ally to the peening of preeipitation-hardenable stainless steels are quite infre-
quent, tlowever, these alloys can be strain hardened and, therefore, can'be
expected to respond to peening operations.
An example of the effect that peening can have on fatig_te resistance is
the improvement in resistance to tension-tension fatigue produced in spot-
welded joints onA-286 by peening the welds 164]. The joints were made in
0.050-in. (0.127-em)-thiek sheet that had been solution annealed 10 rain at
1800 ° F (1243 ° K), oil quenched, and aged 16 hr at i325 ° F (982 ° K). Figure
3 shows S-N curves obtained for a 4-spotweld lap joint of the material when
tested as welded and as peened with a flat-ended punch [64 I. It is evident that
an impressive increase in fatig_m strenglh resulted from the peening operation.
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It is doubtful that there would be much call for peening to correct dis-
tortion in weldments or to straighten parts made of precipitation-hardenable
stainless steels, because full heat treatment frequently follows fabrication of
articles from these steels, and this step affords a good opportunity for sizing
and straightening. On the other hand, there might often be merit in heavily
peening welds made in these steels prior to full heat treatment. During the
solution treating step, heavily worked welds would have a chance to recrysal-
lize with concomitant improvement in ductility and toughness.
CONCLUSIONS AND RECOMMENDATIONS
The precipitation-hardenable stainless steels offer nm_lerous combina-
tions of desirable properties which fitthem to serve successfully in a wide
variety of important applications. As a consequence, itis seldom necessary
to augment or supplement their capabilitiesby special surface treatments,
whether of the coating or the mechanical type.
In some cases, certain surface treatments are, or can be, used to
advantage with these steels. Notably, their wear resistance can be inlproved
by hard surfacing; their resistance to stress-corrosion cracking may be in-
creased by electroplating or electroless plating; and their surface hardness,
wear resistance, galling resistance, and fatigue strength can be improved by
nitriding. Planishing is effective in contouring welded joints in these steels,
while peening is a useful method of improving their fatigue resistance. Car-
burizing, decarburizing, and scaling during high-temperature heat treatment
can be inhibited or prevented by the application of protective coatings to the
surface prior to the heat treating operation.
The cracking of the coating that occurs in the process of hard surfacing
the martensitic precipitation-hardenable stainless steels is a problem in that
it limits the range of usefulness of the hard-surfaced material. Service con-
ditions must feature wear principally, and may be no more than mildly corrosive.
If a coating could be developed that would provide a high degree of wear resist-
ance but would not crack on cooling from the fusion temperature, when applied to
the martensitic type of steel, then the variety of applications for this material
should increase substantially. In particular, the material could be used in
applications requiring the combination of high strength corrosion resistance,
and wear resistance, which is not an uncommon set of requirements. The
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coating wouldneedto possess sufficient ductility to Mlow it to adjust to the
expansionthat oecurs in the basemetal as it undergoesthe austenitc-to-
martensite transformation oncooling from the fttsion temperature to room
temperature.
Another problem is presented by the coatings currently used to protect
the precipitation-hardenable stai_iless steels from scaling and decarburizing
during high-temperature heat treatment. Most of these coatings perform their
protective function acceptably, ttowever, all of them are difficult to remove
,after heat treatment. It is common practice to condition them in an alkMine
salt bath at an elevated temperature, sueh as 900 ° F, and then flash pickle
in a nitric acid-hydrofluoric acid solution. These steps are expensive. In
addition, there is danger that the acid pickle may damage the metal. It would
be highly desirable to develop protective coatings that are easier to remove
after heat treating. Water-soluble coatings would be preferred, but coatings
that could be removed by water or steam jets would be acceptable.
It is recommended that consideration be given to further research on
the two problems described above.
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